Water movement to and from a root depends on the soil hydraulic conductivity coefficient (L^n), the distance across any rootsoil air gap, and the hydraulic conductivity coefficient of the root (Lp). After analytical equations for the effective conductance of each part of the pathway are developed, the influences of soil drying on the soil water potential and L Kll are described during a 30 d period for a loamy sand in the field. The influences of soil drying on Lp for three desert succulents, Agave deserti, Ferocactus acanthodes, and Opuntia ficus-indica, are also described for a 30 d period. To quantify the effects of soil drying on the development of a root-soil air gap, diameters of 6-week-old roots of the three species were determined at constant water vapour potentials of -1-0 MPa and -10 MPa as well as with the water vapour potential decreasing at the same rate as soil drying during a 30 d period. The shrinkage observed for roots initially 20mm in diameter averaged 19% during the 30d period. The predominant limiting factor for water movement was L r of the root for the first 7 d of soil drying, the root-soil air gap for the next 13 d, and L Kll thereafter. Compared with the ease of water uptake from a wet soil, the decrease in conductances during soil drying, especially the decrease in L Kil , caused the overall conductance to decrease by 3 x lO^-fold during the 30 d period for the three species considered, so relatively little water was lost to the dry soil. Such rectifier-like behaviour of water movement in the soil-root system resulted primarily from changes in L^n and, presumably, is a general phenomenon among plants, preventing water loss during drought but facilitating water uptake after rainfall.
INTRODUCTION
Root systems take up water from a moist soil yet must not lose excessive water from the shoots to a dry soil. Although such responses likely occur for all plants, they are essential for desert succulents that store considerable amounts of water at a high water potential in the shoot (e.g. 0, hoot > -1-0 MPa) when the soil is extremely dry (e.g. i/ijoi, < -10 MPa) for many months (Soule and Lowe, 1970; Walter and Stadelmann, 1974; Nobel, 1988) . For water uptake to occur, the water potential in the soil away from the roots, </<diit«ni» must be greater than the water potential in the root xylem, t(i iy]cm . As the soil dries, "Adisiam becomes less than <fr xyiem , so water then tends to move from the root to the soil. Such water loss generally is greatly limited, as both the soil hydraulic conductivity coefficient (L Mil , m 2 s" 1 MPa" 1 ) and the root hydraulic conductivity coefficient (L P , ms~1MPa" 1 ) decrease as the soil dries (Landsberg and Fowkes, 1978; Passioura, 1988) . Moreover, the root may shrink as it loses water to a drying soil, leading to an air gap adjacent to the root surface (Faiz and Weatherley, 1982; Taylor and Willatt, 1983) . The present study examined the relative importance of these three parts of the pathway-the soil, the root-soil air gap, and the root-with respect to rectification of water movement between soil and roots of desert succulents, rectification being defined as the ready uptake of water from a wet soil but a greatly diminished water loss to a dry soil (Nobel and Sanderson, 1984; Dirksen and Raats, 1985; Katou and Taura, 1989; Schulte and Nobel, 1989; Lopez and Nobel, 1991) . Steady-state movement of water in soil is generally described by Darcy's law, which in differential form in Cartesian coordinates is as follows (Marshall and Holmes, 1 To whom correspondence should be addressed at: Department of Biology, University of California, Los Angeles, CA 90024-1606, USA.
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Ll°" dx (1) where / v is the volumetric flux density of water (m 3 m" 2 s" 1 , or ms" 1 ) and -di/i/dx (MPairT 1 ) is the gradient in water potential leading to the flow. L Ki] is strongly dependent on i/i Mn , decreasing over 10 6 -fold as i/i^i, decreases from -001 MPa to -10 MPa for a loamy sand (Black, 1968; Hillel, 1982; Young and Nobel, 1986; Marshall and Holmes, 1988) , a soil texture that is common for the habitats of desert succulents (Nobel, 1988) . Indeed, decreases in L Mi) can become the limiting factor for water exchange of plants in drying soils (Taylor and Klepper, 1975; Drew, 1979; Oosterhuis, 1983; Hansen, 1974) .
Root hydraulic properties are generally described by L P , which can be incorporated as follows :
where 7 V (m s ') is the volumetric flux density of water at the root surface, where the water potential is <fi tartmce . L P decreases as t(i mit decreases for various species, such as the agronomic plants Citrus jambhiri (Ramos and Kaufmann, 1979) , Glycine max (Blizzard and Boyer, 1980) , and Hordeum vulgare (Shone and Flood, 1980) . However, the magnitude of change in L P is generally only up to 10-fold, much less than the accompanying changes in L Kl \. The structural basis for reversible changes in L P has been examined for roots of Zea mays, indicating that changes in the hypodermis may be responsible for the rectifierlike behaviour of this species (Shone and Clarkson, 1988) .
Rectification has also been observed for roots of the desert succulents Agave deserti and Ferocactus acanthodes (Nobel and Sanderson, 1984) . L P measured in a hydroponic solution generally decreases 2-to 10-fold when the roots are placed in air with a water vapour potential of -95 MPa (50% relative humidity at 25 °C) for 6 to 12 h but recovers fully when the roots are placed back in the solution. Such rectification is much less than the predicted 3 x 10 5 -fold decrease in root plus soil conductivity for A. deserti during drought (Schulte and Nobel, 1989) . In particular, simulation modelling of plant water content has indicated that such a change must occur to account for the observation that less than half of the water stored in the shoot is lost during a 5 month drought (Nobel, 1976) . The present study incorporates previous measurements of the influences of <p toil on £,"" (Young and Nobel, 1986) and recent measurements on the influences of drought on Lp for roots of A. deserti, F. acanthodes, and Opuntia ficus-indica (Nobel, Schulte, and North, 1990; Lopez and Nobel, 1991; North and Nobel, 1991; G.B. North and P.S. Nobel, unpublished observations) . New measurements are presented on the influence of decreasing water potential on root diameter for all three species, including the kinetics of diameter changes at -10 and -10 MPa. A theoretical framework is developed first so that the influences of /."", L P , and root shrinkage on rectification behaviour can be presented quantitatively.
MATERIALS AND METHODS

Theoretical basis
To quantify the movement of water between the soil and roots, the conductances of the relevant portion of the soil, the rootsoil air gap, and the root itself must be presented analytically (and in the same units). The driving force is Aifi across each component, and the result is a volumetric flux density of water at the root surface (Passioura, 1988; Nobel and Lee, 1991) .
The effective conductance of the overall pathway, L over , n (m s~' MPa" 1 ), can be incorporated as follows:
In the steady state, constancy of water flows across each part of the pathway (2n r J v = constant, where r is the radial distance from the root centre to where the volumetric flux density is J v ) leads to :
where the conductances (m s" 1 MPa" 1 ) of the soil, the rootsoil air gap, and the root are represented by L£ u , L^, and L P , respectively, and i/i,, p is the soil water potential adjacent to the root-soil air gap. The constancy of the water flow for the individual parts of the pathway in series (Eq. 4) leads to the following representation for the overall pathway:
and so Z. ovenin (Eq. 3) equals the reciprocal of the sum of the reciprocals of the effective conductances for the three parts of the pathway .
Soil conductance
Assuming cylindrical symmetry, movement of water in the soil towards a root can be represented by Darcy's law in cylindrical coordinates :
where r^, is the root radius, r dUunl represents the radial distance from which water is taken up by a root, and r w is the radial distance to the outer side of the root-soil air gap. Based on Equations 4 and 6, Z-Jjf, can be represented as follows:
As Equations 6 and 7 indicate, L^,,, is averaged over a region where </i Kll changes from i,6 dUun , to i/i^p. For roots of various species, r dljuml has been set equal to the lesser of 30 mm and half of the inter-root spacing (Caldwell, 1976; Taylor and Klepper, 1978) . Although admittedly arbitrary, setting r ilMUal to
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A key parameter for determining the importance of Z^Jn in the rectification of water movement between soil and roots is £»ii (Eq-1)-As already indicated, L Kll decreases as i/r^,, decreases, which has been quantified over a dry 30 d period for a loamy sand in the northwestern Sonoran Desert during the late spring (Fig. 1) . In particular, ifi Kil after wetting of the soil surface is -001 MPa, decreasing to -20 MPa during 30d without rainfall (Fig. 1A) . The fractional change is even greater for L Kil , which decreases just over 10 7 -fold during the same period (Fig. 1B) . The decrease in the logarithm of L^, is linear with time over the range in 0 M ,, considered.
Root conductance
Another important aspect of root/soil conductance involved in rectification is L P of the roots (Eqs 2 and 4). This parameter has been measured for 4-to 6-week-old roots of the three desert succulents, Agave deserti, Ferocactus acanthodes, and Opuntia ficus-indica (Fig. 2) . In wet soil (t/i l<n ,= -0-01 MPa), L f averages 2-4 x 10~7ms~' MPa" 1 for the three species. On average, Lp halves after 15 d in a drying soil and then halves again at about 24 d (Fig. 2) . Although the data are most extensive for A. deserti, the rate and especially the extent of decrease in L P with -0.010 (Nobel, 1976) . Average daily maximum/ minimum air temperatures were 32 "C/22 °C for a series of clear days in the late spring of 1984. Data are calculated from Young and Nobel (1986) Nobel and Sanderson (1984) , Nobel el al. (1990) , Lopez and Nobel (1991) , North and Nobel (1991) , and G.B. North and P. S. Nobel (unpublished observations); all measurements were made with microcapillaries attached to the proximal ends of excised roots in aqueous solutions, thus eliminating the influence on / v of the soil and of root-soil air gaps. Figure 1A was used to obtain the relationship between soil drying time and <j> Kn , and the effects of Ji^ dt were assumed to be the same for roots in air or in drying soil.
S.
soil drying appears to be higher for roots of the agave than of the cacti.
Conductance of root-soil air gap
The remaining part of the pathway for water movement from the bulk soil to the root xylem is the root-soil air gap, so an analytical representation was developed for L,,,,. Because the fractional reduction in root diameter during drought was relatively small for the three species considered, the shrinkage was approximated as a one-dimensional process. Contraction of the soil away from the root during soil drying (Drew, 1979) was ignored, as was reversible daily shrinkage of roots caused by variations in transpiration rate (Huck, Klepper, and Taylor, 1970; Hansen, 1974) .
Water readily evaporates and condenses, so the main limitation for water movement across the air gap created as a root shrinks involves the diffusion of water vapour, which can be described by Fick's first law :
where J" is the molar flux density of water vapour (mol m' 2 s~'), £)" is the diffusion coefficient of water in the vapour phase (m 2 s~'), RT\s the gas constant times the absolute temperature (m 3 MPa mol~'), and AP n is the drop in the partial pressure of water vapour (MPa) across a root-soil air gap of thickness Ax^ (m). The volumetric flux density of liquid water equals J^ times the volume of liquid water per mole, P w (18xlO-6 m 3 mor'). The water potential of the vapour phase represented as follows (Hillel, 1982; Marshall and Holmes, 1988; . Assuming that T w is the same as T^^, the drop in water potential across the root-soil air gap is: (Nobel, 1976) and were maintained in a glasshouse at the University of California, Los Angeles; for O. ficus-indica, approximately one-third of the cladode was placed below the soil surface. Daily maximum/minimum air temperatures averaged 27 C C/15 °C, the absolute humidity averaged 8-2gra" 3 , the total daily photosynthetic photon flux density averaged 30 mol m~2 s~\ and 0-05-strength Hoagland's solution No. 1 supplemented with micronutrients (Hoagland and Arnon, 1950 ) was applied at weekly intervals.
Root segments approximately 10 cm long were excised I d after watering, sterilized by submerging in 5-0 kg m~3 NaCIO solution for 10 s, rinsed several times with distilled water, and lightly blotted to remove excess water. The segments, which were essentially devoid of root hairs, were placed on a metal screen 50 mm above a solution (300 cm 3 ) of known water potential (varied by adjusting the concentration of sodium chloride) in a sealed transparent plastic chamber (400 cm 3 ) whose temperature was maintained at 25-0 ± 0-2 °C in a water bath. Root diameter was determined at midsegment approximately daily using a travelling microscope with a vernier that could be read to 0-01 mm. Root age, which was about 6 weeks, was estimated based on the root diameter and coloration (Palta and Nobel, 1989a, b; Lopez and Nobel, 1991) .
RESULTS
Measurement of root diameter
Roots of Agave deserti, Ferocactus acanthodes, and Opuntia ficus-indica, which were initially about 20 mm in diameter, decreased in diameter by 15 to 19% during a 4 or 5 d period in an atmosphere with a water potential (I/I^) of -10 MPa (Fig. 3) . When such shrunken roots were placed at a ^ of -001 MPa, rehydration occurred for all three species, causing the roots to return to within 1 to 3% of their initial diameter. Such diameter changes were also reversible during a second drying and rewetting cycle; e.g. for roots of O. ficus-indica initially 2-39 + 0-24 (s.e. for n=4)mm in diameter, shrinkage to 80+1% of the initial diameter occurred during 3 d at -10 MPa, followed by swelling to 97± 1% during 4d at 0-01 MPa, shrinkage to 78 ±2% during 2 d at -10 MPa, and then swelling to 95 + 2% during 5 d at 001 MPa. Also, such changes could occur for attached roots; e.g. for roots of O. ficus-indica initially 2-06 + 009 (s.e. for n = 4)mm in diameter, shrinkage to 82 ± 1 % of the initial diameter 100 Ferocactus acanthodes . occurred during 4d at -lOMPa (with a half-time of 18 h) and reswelling to within 2± 1% of the initial diameter occurred during 4d at -001 MPa (with a halftime of 30 h). When roots were exposed to a </>," of -10 MPa, the rate of diameter decrease was more gradual than at -10 MPa, and the overall change was less. For instance, root diameter after 10 d at -10 MPa decreased by 9% for A. deserti (Fig. 3A) , by 11% for F acanthodes (Fig. 3B) , and by 11 % for O. ficus-indica (Fig. 3c) .
Opuntia ficus-indica
Roots of all three species were also exposed to a </> wv that was decreased daily over a 30 d period at the same rate as the soil water potential decreases for a drying soil in the field (Fig. 1A) . TO determine the relative importance of a root-soil air gap, the numerical change in radius for roots approximately 2-0 mm in diameter was equated to the development of the gap (assumed to be an annulus around the root). After a delay of a few days, the gap increased approximately linearly with time for all three species for about 20 d (Fig. 4) . During this phase of soil drying, root shrinkage caused the gap to increase about 0-009 mm per day. After about 25 d, the daily rate of root shrinkage in a drying soil apparently decreased for all three species (Fig. 4) . At 30 d, the shrinkage amounted to 19% for A. deserti, 18% for F. acanthodes, and 20% for O. ficus-indica (Fig. 4) .
Calculation of conductances
To calculate the effective conductance of the soil, L^fi, the radial distance from the root centre to the outer side of the root-soil air gap (/ga P ) is needed. This equals (Fig. 5) . During simulated soil drying, the roots of A. deserti, F. acanthodes, and O. ficus-indica shrank in the radial direction (Fig. 3) . This would lead to a root-soil air gap whose thickness, Ax^p (Fig. 4) , influences the effective conductance of this part of the pathway, L^p. Assuming for simplicity that the air gap develops uniformly around the root, L up was calculated using Equation 11 and a temperature of 20 °C (Fig. 5) . The root hydraulic conductivity, L f , requires no further manipulations from the form in Fig. 2 (Fig. 5) . Only the average root properties for the three species are considered, changes in L? over the 30 d drying period being about 2-fold greater for A. deserti and 2-fold less for F. acanthodes (Fig. 2) . All conductances are based on the average soil water potential (Fig. 1) , whereas in reality differences in </ > between the soil and the roots occur and vary over the course of a 24 h period. Allowing for differences between average and actual tf) wH causes the 
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values plotted for conductances (Fig. 5) to shift by up to approximately ± 1 d.
Of the three components of L ovtrtil , L P of the roots was the main influence during the first 7 d of soil drying (Fig. 5 ). Although L P steadily decreased during soil drying, its change was much less than for Z,^f, or L^v and had relatively little influence on L over ,i, after about 15 d (Fig. 5) . Initially, the close proximity of the root surface and the soil caused L^p to be unimportant, but after only about 7 d of soil drying (4> soi \= -0-1 MPa), it became the main influence on L overi n, remaining so for about 13 d (until day 20, when ^s -2-8 MPa). The major impact of L^l, on L ovenl] occurred only during the last 10 d of the period, when the decrease in L^f, accounted for most of the decrease in L oyeitU (Fig. 5) .
DISCUSSION
Water movement into and out of roots depends on the water potential difference from the bulk soil to the root xylem and the conductivity of the pathway, which can be divided into three parts. For young roots of Agave deserti, Ferocactus acanthodes, and Opuntiaficus-indica, simulated water movement into roots from wet soil during the first 7 d of soil drying was limited mainly by root hydraulic properties quantified by L P . As the roots of these three desert succulents shrank during the next 13 d of soil drying, water movement was limited mainly by the rootsoil air gap. During the first part of this period, the gap limited water uptake. However, as ^i became -0-5 MPa after 12 d of soil drying, it decreased below </i, hoo , for these desert succulents (Nobel, 1988 ), so water movement would then be from the root to the soil. Thus, the increasing air gap around the roots would then help prevent water loss to the drying soil. As the soil continued to dry after 20 d, simulated water movement from the root xylem to the soil for these three desert succulents was limited mainly by the rapidly decreasing soil hydraulic conductivity.
Implicit in the above analysis is that net water movement can be in either direction at the root surface. This concept underlies the rectifier-like behaviour of roots (Nobel and Sanderson, 1984; Dirksen and Raats, 1985; Katou and Taura, 1989; Schulte and Nobel, 1989; Lopez and Nobel, 1991) . It also underlies the movement of water from one location in the soil to another by root systems (Landsberg and Fowkes, 1978; Baker and von Bavel, 1988) . Thus, water available to roots in a wet region of the soil can be transferred by the root system to drier regions of the soil, especially at night (Mooney, Gulmon, Rundel, and Ehleringer, 1980; Richards and Caldwell, 1987) . For instance, water available to deep roots of Artemisia tridentata can be released in the upper part of the soil profile, where it can be taken up by roots of Agropyron desertorum (Caldwell and Richards, 1989 -fold decrease in root plus soil conductivity is predicted during prolonged drought (Schulte and Nobel, 1989) ? The approximately 4-fold decrease described for L P cannot explain the rectification, and the minimum L up is far too large to reduce the overall conductance appreciably. Thus, the rapidly decreasing Lfon and Z-^f, appear to be the main factors limiting water loss from roots to a drying soil. Specifically, most of the 3 x 10 3 -fold decrease in L oycnn during the 30 d soil drying period is attributable to reductions in L'J,^. Moreover, the 10-fold decrease in L^f, every 4 d apparently continues after 30 d, resulting in decreases in L overa n that are consistent with the mean predicted decrease of about 3x 10 5 over 5 months (Schulte and Nobel, 1989) . Such a mechanism for preventing water loss from plants resides in the soil and hence is potentially available to all species, although the details will vary with individual root properties and the particle-size distribution of the soil.
Changes in root diameter have also been observed for other species. For young roots (diameter unspecified) of Zea mays, lowering the water potential of the external medium from 00 to -1-5 MPa decreases the diameter by 0018mm (Ribaut and Pilet, 1991) , much less than observed here for three species of desert succulents (an average shrinkage of 0-25 mm, which represents 12% of the original diameter, for such a decrease in </ >). On the other hand, roots of Helianthus annuus about 0-4 mm in diameter shrink 20% as the soil water potential decreases from -0-2 to 1-2 MPa (Faiz and Weatherley, 1978, 1982) , slightly more than observed here; the root-soil air gap begins to influence water uptake by roots of this species at a tp Kil of -0-2 MPa, similar to the present results. A 30% shrinkage for 6-d-old roots of Glycine max about 10 mm in diameter occurs as solution water potential is lowered from 0-0 to -1-3 MPa (Taylor and Willatt, 1983) , and a 60% shrinkage has been reported for young roots of Vicia faba (Rowse and Goodman, 1981) . Percentage changes in root diameter would be expected to be less for older roots with a relatively smaller cortical region than for the young roots considered.
Although analytical representations have apparently not previously been made for the conductances of the three parts of the pathway for water movement from the soil to the root xylem, the relative importance of various parts of the pathway have been indicated (So, 1979; Passioura, 1988; Reid and Huck, 1990) . For 32-to 36-dold plants of Glycine max growing in pots containing a silt loam:Perlite:peat mixture (70:15:15 by vol.), the conductances of both the soil and the root decrease as the water potential of the bulk soil decreases from -002 to -11 MPa, and the soil conductance always exceeds the root conductance (Blizzard and Boyer, 1980) , similar to the present results. However, the reported decrease in the soil conductance is only 14-fold, much less than the 2-7 x lC^-fold decrease in L Ki] over the same range in ^M l | for the sandy loam used here. Indeed, the conductance of the soil can be less than the root conductance, especially for dry soils (Landsberg and Fowkes, 1978) or when the root length per unit soil volume is low (Hulugalle and Willatt, 1983) . For instance, the soil conductance can become less than the root conductance of Solatium tuberosum at a t/i^,, of about -l-2MPa (Abdur Rab, Olsson, and Willatt, 1990) , similar to the present results. Also, heterogeneities at the root surface created by rootsoil air gaps can greatly reduce the conductance in this region (Zur, Jones, Boote, and Hammond, 1982) .
The rectifier-like behaviour of ready water entry into roots from wet soil but greatly restricted water loss to dry soil owes much to the properties of the soil, especially under dry conditions. Under wet conditions, water movement from the soil to the root xylem is mainly controlled by the hydraulic conductivity of the root. As the soil dries and a root-soil air gap develops, the difficulty for water to cross such a region can become the limiting factor for water movement, at least for the three species of desert succulents considered here. As the soil continues to dry, the decreasing amount of soil water begins to dominate the soil-root water movement, depending on the relationship between I/I^, and £",, for the particular soil. Thus, water loss from a plant to a dry soil is limited mainly by the low soil hydraulic conductivity. Future theoretical refinements include considering simultaneous heat and mass flow (thus removing the assumption of isothermal conditions across the air gap), which will lower the gap conductance, and considering the eccentric location of a root in the gap, which will raise the conductance. In any case, all three parts of the pathway-soil, rootsoil air gap, and root-can limit water exchange between the soil and a root at different soil water potentials, the equations developed here allowing a quantitative assessment of the relative importance of each part. 
